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Abstract
The isomerisation of 6-phosphogluconolactones and their hydrolyses into 6-phosphogluconic
acid form a non enzymatic side cycle of the pentose-phosphate pathway (PPP) in cells. We
show that dissolution dynamic nuclear polarization can be used for determining the kinetic
rates of the involved transformations in real time. It is found that the hydrolysis of both
lactones is significantly slower than the isomeration process, thereby shedding new light onto
this subtle chemical process.
Introduction
The study of enzyme kinetics and cell metabolism is central for the understanding of cellular
functions and metabolic diseases. The flexibility of enzymatic activity allows the cell to sur-
vive despite changing environmental demands by regulating its metabolic pathways. Enzyme
dysfunction often leads to severe diseases through the associated alteration of the cellular
metabolism. Under various pathological circumstances, reactions that are normally enzymat-
ically driven can be superseded by spontaneous non-enzymatic chemical reactions that may
⇤Electronic address: daniel.abergel@ens.fr
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Figure 1: Illustration of the reaction pathway. Phosphorylation of each Glc anomer by Hexokinase (HK)
yields the corresponding anomer of G6P. The  -PGL is produced through G6P oxidation by G6PDH. Subsequent
 -PGL/ -PGL isomerisation is characterized by an equilibrium with forward and backward rates kp and km.
Both 6-phosphogluconolactones undergo irreversible hydrolysis with rates k  and k  . In this work, compounds
are uniformly, 13C, 2H , doubly labeled. C1 atoms are indicated by an asterisk.
generate by-products that are potentially toxic to the cell. [1] The pentose-phosphate pathway
(PPP), one of the crucial metabolic pathways in the cell, provides one such example.[2] Once
Glucose (Glc) is transformed into Glucose-6-Phosphate (G6P) in the cell, the latter is oxidized
into  -6-Phosphogluconolactone ( -PGL) through the action of the Glucose-6-Phosphate dehy-
drogenase (G6PDH). This is the first reaction in the enzymatic cascade of the so-called oxida-
tive stage of the PPP. The natural reaction product of G6PDH,  -PGL, subsequently under-
goes hydrolysis catalyzed by the next enzyme of the pathway, the 6-phosphogluconolactonase
(6PGL) to yield 6-phosphogluconic acid (6PGA). In cases of 6PGL deficiency, the  -PGL ac-
cumulates in the cell and partly isomerizes into  -PGL.[2, 3] Both lactones can spontaneously
hydrolyze to give 6PGA (see Fig.1) but may also react with endogeneous nucleophilic species,
as they are highly reactive electrophiles.[4] To investigate this physiologically important series
of events that takes place in the context of PPP deficiency, and without the direct interven-
tion of any enzyme, we have used dissolution dynamic nuclear polarization (D-DNP). This
technique allows one to boost the nuclear magnetic resonance (NMR) signal intensities of the
various metabolites, thereby allowing for the monitoring of the kinetics associated with these
reactions in real time. D-DNP allows to overcome the low sensitivity of 13C NMR by pro-
viding signal enhancements up to five orders of magnitude for a wide range of hyperpolarized
substrates or metabolites.[5, 6, 7, 8] Such a sensitivity enhancement renders the study of chem-
ical reactions on time scales of a few seconds possible by making signal averaging unnecessary.
This provides a unique access to potentially rich information, by allowing the simultaneous
monitoring of transformation kinetics of several species.
In this communication, we report on the observation of the spontaneous rearrangement of
DNP-polarized  - and  -PGLs and their hydrolysis into 6PGA in solution, on a time window
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of a few tens of seconds. The polarized sample consisted of 50 µL of a solution containing
600 mM uniformly, doubly labeled
⇥
U-13C,2H
⇤
-Glc in a 90 % deuterated water/ethylene glycol
mixture. TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) at a concentration of 50
mM was used as the paramagnetic polarizing agent. This solution was inserted in a Bruker
prototype D-DNP apparatus operating at B0 = 6.7 T and at T = 1.2 K. By employing 1H-
!13C cross-polarization[9] a 13C polarization of P(13C) = 49% was achieved in the solid
state. When the polarization reached its maximum, the sample was dissolved by fast injection
of 5 mL D2O overheated to 180oC at 10.5 bar into the frozen sample. The sample was sub-
sequently transferred to a 9.4 T (400 MHz) detection NMR spectrometer using a continuous
flow of He at 8 bars during 6 s. During this delay, the hyperpolarized sample was degassed in
a phase separation compartment located inside the NMR magnet bore. The hyperpolarized
Glc solution was then injected into an NMR tube containing 2 mL of a solution of a reactive
medium containing the relevant enzymes and their cofactors, which has been waiting at 309 K
(see Fig. 2). The injection was completed within 10 s. The beginning of the data acquisition
(t = 0) was synchronized with the start of the injection. Since only 2.6 mL of the solution were
injected into the NMR tube, 15 µmoles of glucose actually reached the reactive medium, which
amounts to a concentration of ca. 3 mM in a total reaction volume of 4.6 mL. Finally, the
chemical reactions were monitored by recording 13C-NMR free induction decays at 1s second
intervals, using 10o flip angle detection pulses. Signal enhancement, estimated at t = 5 s after
injection, was 4100 over the entire 13C spectrum (in the presence of enzymes), corresponding
to a 13C polarization of ⇠ 3.3%.
The enzyme quantities in the 2 mL solution waiting in the NMR tube prior to injection
were adjusted to allow both the phosphorylation of the ⇠ 15 µmoles of Glc, and the sub-
sequent G6P oxidation at a rate of ⇠ 10 µmol .s 1, in order to ensure complete conversion
of the injected hyperpolarized Glc within a few seconds, i.e., while the hyperpolarization is
still high enough. One unit of enzyme activity converts 1.0 µmole of substrate per minute,
so that the relevant enzyme masses were readily calculated from their specific activities (i.e.,
units per mg of enzyme, as given by the supplier). The values used in the experiment are
given in the caption of Fig. 2. The initial goal was to obtain, after a few seconds, a solution
containing only  -PGL, and its two reaction products  -PGL and 6PGA. Note that the choice
of the temperature T = 309 K in the NMR spectrometer was made in order to achieve longer
13C T1 relaxation times and a prolonged time window for NMR detection (T1 ⇠ 15 s for⇥
U-13C,2H
⇤
-Glc at 309 K in pure D2O - see Supporting Information), whilst maintaining the
enzymes su ciently active despite the fact that they may not be operating at their presumably
optimum temperatures. In this study, we used enzyme concentrations that were similar to
the typical high values that can be found in cells, in the range 0.1 µM to 100 µM, especially
when enzymatic pathways are confined in organelles. In some cases, enzyme concentrations
can even exceed metabolite concentrations.[10, 11] In D-DNP experiments, the use of labeled
compounds is widespread. 13C -labelled molecules are commonly used to increase the signal
with respect to the one obtained with natural abundance compounds (for a recent review, see
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Figure 2: After polarizing
⇥
U-13C,2H
⇤
-Glc at 1.2 K and 6.7 T the sample is transferred to a detection
spectrometer operating at 9.4 T to observe the metabolic conversion of the hyperpolarized substrate. The
quick conversion of Glc into  -PGL has been achieved using the following conditions: 6 mg of yeast Hexokinase
(28 µM corresponding to ⇡ 600 U) and 1.4 mg of G6PDH (5.5 µM corresponding to ⇡ 300 U) together with
the cofactors ATP (33 mM) and NADP+ (30 mM) in 60 mM HEPES bu↵er, pH = 7.8, 30 mM MgCl2, 309 K.
for instance Ref[12] and references therein). When possible, the observation of quaternary
carbons is preferred in order to take advantage of T1 relaxation times that are longer than the
ones of proton-coupled carbons.[13] Alternatively, 13C, 2H doubly labeled compounds may be
used to extend the 13C T1 relaxation times of methylene [7, 14] or methine groups (as in the
case of glucose) [15, 16, 17, 18, 19, 20, 21] Note that deuteration may in principle a↵ect kinetics
- a fact that should be considered for virtually all dissolution DNP experiments based on such
substrates. D20, which is used as the dissolution solvent, may also be used to increase T1, and
in this work, NMR experiments were performed in a H20/D20 mixture (43/57 v/v), which
may a↵ect the kinetics of enzymes that normally operate in pure water. However, the goal of
this work was to investigate a set of chemical reactions that are not catalyzed by the enzymes
present in the reactive medium. Yet, some e↵ect of the presence of D20 in the solution on the
kinetics of the  / -PGL pathway may not be ruled out.
The characteristic 13C1 signals of the ↵ and   anomers of uniformly labeled
⇥
U-13C,2H
⇤
-Glc in
solution appear at 92.9 and 96.6 ppm (see Fig. 3). The 2H decoupled spectra exhibit doublets
due to 1Jc1c2 couplings, whilst the smaller couplings (
2Jc1c3 and
3Jc1c6 for  ;
2Jc1c5 and
3Jc1c6 for ↵) remain unresolved.[8] The decay of the Glc resonances observed after injection is
due to the combination of the loss of substrate caused by enzymatic phosphorylation, and to
spin-lattice relaxation that drives the initial hyperpolarization towards thermal equilibrium.
The 13C1 signals of both ↵ and   anomers of Glc completely disappear at times larger than
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⇠ 9 s (t = 0 corresponds to the beginning of the injection, which starts 6 s after dissolution
and is completed within 10 s), which attests for the fast transformation of Glc into G6P by
hexokinase. At short times (4 s after initiation of the injection), the characteristic 13C1 dou-
blets of G6P build up as a result of Glc phosphorylation, and appear ⇠ 0.2 ppm downfield with
respect to their Glc counterparts. In the case of the ↵ anomer, the doublet remains observable
until t ⇡ 20 s. In contrast, the evolution of the  -G6P resonances is strikingly di↵erent. At
t = 4 s after the beginning of the injection, only a small  -G6P signal is present (see Fig. 3),
which becomes undetectable for t   9 s. These observations indicate that the transformation
rate of the   anomer of G6P by G6PDH is significantly faster than the oxidation of its ↵
anomer (assuming that the T1 relaxation times of 13C1 in both the ↵ and  -G6P anomers
are similar [8]), and therefore provide evidence of the  -anomeric selectivity of yeast G6PDH,
implying that  -G6P is the preferred substrate of G6PDH. Salas et al.[22] have demonstrated
experimentally that Glc is a very low a nity substrate of G6PDH, which acts with high se-
lectivity towards its  -anomer. However, the authors solely inferred from these results that
the same  -selectivity can be assumed for G6P. We have performed control experiments that
allow one to estimate the catalytic e↵ect of G6PDH on Glc.We have found that the rate of
catalysis is orders of magnitude slower than the rate of oxidation of G6P by G6PDH. The
former can therefore be safely discarded on time scales relevant to our DDNP experiments
(see Supplementary Information). To our knowledge, we present the first direct experimental
evidence of  -G6P selectivity of yeast G6PDH. The influence of the ↵/  mutarotation of G6P
should also be considered. Indeed, it has been shown[23, 24, 25] that this process takes place
on a much faster timescale for Glu than for G6P; up to a factor of ⇠ 200. For Glu, the
anomerization timescale is on the order of minutes at 309 K, whereas for G6P, it is likely on
the order of seconds, in other words, on the timescales of the kinetic processes observed in the
experiments presented here. This is important in the case at hand, since ↵-G6P is detected
until t ⇠ 20 s, and the kinetics of mutarotation may superimpose with the observed kinetics of
the isomerisation/hydrolysis of the PGLs. It is therefore necessary to include the enzymatic
oxidation of G6P in the kinetics analysis of the lactone pathway.
G6P is subsequently transformed into  -PGL. The 13C1 lactone signals appear in the 174 179
ppm range. At t = 4 s, the presence of the characteristic  -PGL signal at 175 ppm confirms
that the enzyme quantities used are su cient to rapidly produce the precursor of the isomeri-
sation/hydrolysis pathway. Moreover, for t > 9 s, additional weak signals appear at 178.1
and 179.8 ppm, corresponding to  -PGL and 6PGA, respectively. These observations provide
direct evidence for the spontaneous hydrolysis of the PGLs into 6PGA.
The time-dependencies of the signal intensities of all species are depicted in Fig. 4. Inter-
estingly, a substantial amount of  -PGL is already produced at t = 10 s, leading to lactone
signals that are both more intense than those of 6PGA, which is a qualitative indication that
the  - to  -PGL conversion is faster than the spontaneous hydrolysis of either lactones, as-
suming similar values for T1. The signal-to-noise ratio (SNR) of the hyperpolarized  -PGL
signal at t = 10 s was ca. 600, an order of magnitude larger than the signal of its  -PGL coun-
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Figure 3: 13C spectra obtained after injection of DNP-polarized Glc. (Left) For t = 4 s, both
polarized ↵/  anomers of G6P are present in the spectrum, at a typical ⇠ 0.2 ppm downfield shift
with respect to Glc. Moreover, complete signal clearance of both ↵/  anomers of Glc is observed after
t = 9 s. In addition,  -G6P is also rapidly consumed and its signal has totally disappeared after t   9
s, whereas ↵-G6P is not fully oxidized. These spectra illustrate the high selectivity of G6PDH that acts
essentially on the  -anomer. (Right)  -PGL is present at t = 4 s. When  -G6P oxidation is complete
(t   9 s), a non negligible fraction is already transformed into  -PGL, and a small 6PGA signal is
already detectable (in all cases, t = 0 refers to the start of the injection, which has completed at t = 10
s).
terpart, and two orders of magnitude larger than the signal of 6PGA, which always remained
low, below ⇠ 5, although clearly detectable.
A quantitative analysis of the time series of NMR peak intensities obtained after complete
injection was performed based on a first order kinetic model, as introduced in Ref.[2] (cf. Fig.
1). From the above, the Glc signals are discarded from the kinetic analysis of this reaction net-
work (the signals have totally disappeared at t   10 s). However, oxidation and mutarotation
of G6P anomers are included. Only the kinetic constants relative to the  / -PGL isomerisa-
tion and hydrolysis are extracted, and these are disentagled from all parameters pertaining to
enzyme kinetics proper, as shown in the following. The system of di↵erential equations that
describes the evolution of the z components M of the 13C magnetizations at the C1 sites, in
↵- and  -G6P, in  / -PGLs and 6PGA, between two consecutive signal acquisitions, writes
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Figure 4: Buildup and decay curves of the  -PGL (red),  -PGL (blue), 6PGA (purple) and ↵-G6P
(black) NMR signal intensities upon the chemical reaction cycle. Dots correspond to experimental
values. Solid lines indicate fits to the model of Eqs. 1-2 (see text).The time axis starts at t = 10 s,
which corresponds to the first point of the kinetics analysis.
d
dtM = AM. In this expression, M = [M↵,M  ,M ,M  ,MA]
t, and:
A =
266664
 (k↵ + kdh↵ +R1↵) k  0 0 0
k↵  (k  + kdh  +R1 ) 0 0 0
kdh↵ kdh   (kp + k  +R1 ) km 0
0 0 kp  (km + k  +R1 ) 0
0 0 k  k   R1A
377775
(1)
where R1↵, R1  , R1 , R1  , R1A are the longitudinal relaxation rates of  -PGL,  -PGL and
6PGA, respectively. The rate constants kx associated to the various reactions are indicated in
the reaction scheme of Fig. 1. Therefore, the signal S(n t) = [S↵, S  , S , S  , SA]t observed
after the n-th pulse with flip angle ✓ is:
S(n t) = exp(An t) cosn ✓ S(0), (2)
where  t is the time interval between two consecutive pulses and the initial value of the signal
at time t0 = 10 s is S(0) = [S↵(t0), S (t0), S (t0), S (t0), SA(t0)]t. Similar first-order kinetics
models have been used to describe consecutive reactions by DDNP.[7] In the case at hand,
the signal of the   anomer of G6P vanishes for t   10 s. This justifies the quasi-steady-state
assumption, where  -G6P is consumed much faster than produced from the ↵ anomer of G6P
through mutarotation. Therefore, [G6P  ] is so low as to justify the approximations [G6P  ] ⇡ 0
and
d[G6P  ]
dt = 0. These approximations imply that:
dS↵
dt
⇡  (k↵ + kdh↵ +R1↵)S↵ (3)
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and:
dS 
dt
= k↵S↵   (k  + kdh  +R1 )S  ⇡ 0, (4)
which implies:
dS 
dt
= (kdh↵ +
kdh k↵
kdh  + k  +R1 
)S↵   (kp + k  +R1 )S  + kmS  (5)
Introducing k = kdh↵+
kdh k↵
kdh +k +R1 
, and k0 = k↵+ kdh↵+R1↵, the di↵erental system reduces
to:
dS↵
dt
=  k0S↵
dS 
dt
= kS↵   (kp + k  +R1 )S  + kmS 
dS 
dt
= kpS    (km + k  +R1 )S 
dSa
dt
= k S  + k S   R1aSa
Through the quasi-steady state approximation, the large number of parameters (eight rate
constants, five relaxation parameters and five initial signal amplitudes at t0 = 10 s) can be re-
duced, with the use of the lumped parameters k and k0, and despite its complexity, this model
reduction allows for the determination of the kinetics constants that characterize  -/ -PGL
isomerisation and hydrolysis, the parameters of interest in this study. Here, the upstream
processes (mutarotation and enzymatic reactions) merely appear as a ”source term” of the
 -PGL signal.
Fitting was performed through a homemade Scilab,[26] routine implementing the di↵erential
evolution algorithm[27, 28] and the strategy described in Ref.[8]. This approach is useful when
the number of parameters is large, and fitting procedures that rely on derivatives tend to get
trapped in local minima. Due to very high signal intensities in D-DNP experiments, the main
source of experimental errors is not the noise of the detection circuit, an approximately Gaus-
sian noise process, but systematic errors and uncontrolled events that may occur during the
injection process. This prevents from obtaining statistical estimates of the parameter uncer-
tainties (which would require to repeat the same experiment many times.[8] In the experiments
described here, only  -PGL signals have very high SNRs. In contrast, for signals with lower
intensities, ↵-G6P,  -PGL and 6PGA, a Gaussian noise assumption may be relevant. A Monte
Carlo (MC) simulation was used to compute parameter histograms from pseudo-experimental
noise to determine the influence of the latter on the model parameters. However, as the Gaus-
sian noise assumption does not hold for  -PGL, the statistical  2 criterion does not apply.
Fitting results are depicted in Fig. 5. The parameters kp, km, k  and R1  exhibit monomodal
and symmetric distributions, in contrast to the distributions of k  , R1  and R1A. The latter
are asymmetric, featuring two peaks, and include nonrealistic values. Moreover, a number
of R1  rates that are too low to be physically meaningful were also discarded. Finally, a
peak around ⇠ 0.5 s 1 in the distribution of R1A did not seem compatible with the expected
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relaxation times of a carbonyl 13C nucleus of such a small molecule. To improve the distribu-
tions of the parameter values, an experimental value R1Aexp, measured in a similar reaction
medium (see Supporting Information), was added as an experimental constraint. Use of this
prior knowledge resulted in narrower distributions of the remaining parameters and in the
disappearance of double-peaked histograms, without a↵ecting the distributions of the forward
and backward isomerization rates, kp and km (see Fig. 5). The analysis was also performed
using the flip angle ✓ as an additional adjustable parameter, and/or by starting the fitting
procedure at t0 = 11, 12 or 13 s. None of these tests altered the conclusions. The means and
rmsds of the model parameters obtained are summarized in Table 1.
Table 1: Parameter estimates from the distributions of Fig. 5, either leaving R1A a free
parameter or using the measured value R1Aexp as a constraint.
R1A measured R1A free
mean (s 1)   (s 1) mean (s 1)   (s 1)
kp 19.8⇥ 10 3 6⇥ 10 4 19.8⇥ 10 3 6⇥ 10 4
km 12.2⇥ 10 3 5.5⇥ 10 3 12.0⇥ 10 3 5.3⇥ 10 3
k  3.1⇥ 10 3 7⇥ 10 4 3.0⇥ 10 3 1⇥ 10 3
k  5.9⇥ 10 3 2.4⇥ 10 3 3.4⇥ 10 3 2.4⇥ 10 3
R1  75⇥ 10 3 3⇥ 10 3 75⇥ 10 3 3⇥ 10 3
R1  55⇥ 10 3 6⇥ 10 3 27⇥ 10 3 6⇥ 10 3
R1A 0.110 0.008 293⇥ 10 3 184⇥ 10 3
k 0.086 0.012 0.086 0.012
k0 0.24 0.02 0.25 0.02
The experiments presented here exemplify, in a biological context, the power of DDNP ex-
periments to monitor chemical reactions that take place on timescales of seconds. Moreover,
the analysis of the kinetics, based on the reaction pathway depicted in Fig. 1, leads to sev-
eral interesting conclusions. Our results indicate that PGL hydrolysis is irreversible, which
is attested by the absence of remaining  - and  -PGL in the reactive medium. In addition,
the forward and backward isomerisation rates are found to have a ratio kp/km ⇠ 1.6. The
hydrolysis rate constants of both isomers have a ratio k /k  ⇠ 0.5, both being significantly
smaller than the isomerisation rates. These results can be compared to previous investigation
performed under significantly di↵erent conditions (T = 278 K and pH 6.7),[2] where kinetics
takes place on a timescale of hours, rather than seconds. In that case, the ratio of forward to
backward isomerisation rates was ⇠ 1.3. Furthermore, under these experimental conditions,
the kinetic constant of  -PGL hydrolysis was k  ⇠ 0, suggesting that this compound accu-
mulates in the absence of 6PGL that normally catalyses the hydrolysis of  -PGL into 6PGA.
This confirms the critical dependence of these spontaneous rearrangements on environmental
conditions. In the present study, the hydrolysis rates of both lactones are 2-7 times slower
than their isomerisation rates. This finding supports the assumption that in the absence of
the lactonase (6PGL) both species may accumulate and cause damage to the cell through
their potent electrophilic properties.[29]
The analysis of the results presented in this work is also consistent with known facts about the
mutarotation kinetics of G6P. Based on our measurements of R1↵ performed on
⇥
U-13C,2H
⇤
-
Glc in pure H2O and pure D2O at 309 K (Supplementary Information), and again assuming
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Figure 5: Parameter histograms obtained from 1200 MC iterations using (left panels) all free parameters or
(right panels) the experimental value R1A,exp = 0.110±0.008 s 1 measured on doubly-labelled 6PGA (Support-
ing Information). When R1A,exp was used R1A,exp was drawn from a normal distribution N (R1A,exp, 1A,exp).
that the 13C1 T1 relaxation times of the anomeric carbons in Glc and G6P are relatively
similar,[8] the relaxation rate R1↵ would be on the order of ⇠ 0.07 s 1. Therefore, with the
additional assumption that kdh↵ is negligible (i.e,   selectivity of G6PDH), and using the
value hk0i ⇠ 0.24 s 1, a rough estimate of k↵ ⇡ k0 R1↵ ⇡ 0.17 s 1 is found. Besides, we have
obtained a value of K = k↵k  ⇡ 1.7 for the ↵/ G6P equilibrium constant at 309 K (Supporting
Information), which leads to a crude estimate k  ⇡ 0.1 s 1. In a previous study,[25] the val-
ues k↵ ⇠ 0.06 s 1 and k  ⇠ 0.04 s 1 were experimentally determined at 298 K. Then, using
the activation energy derived in Ref. [24] and assuming an Arrhenius law, this value can be
estimated as k↵ ⇠ 0.24 s 1 (k  ⇠ 0.14 s 1) at 309 K, in consistency with our calculations and
with our measured ↵/ G6P equilibrium constant.
To our knowledge, hardly any work on the isomerisation and hydrolysis of 6-phosphogluconolactones
has been published so far. However, some studies have focused on the  -/ -gluconolactone
(GL) isomerisation and hydrolysis reaction cycle, which obviously bears some strong analogy
with the one studied here (see Fig. 1). Among interesting results, Jermyn[30] finds that at
pH > 7, the hydrolysis of both  - and  -gluconolactones is pseudo first order in a bu↵er that
maintains a constant pH (see Fig. 7 in Ref. [30]). In contrast, at pH < 7, this author assumed
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a negligible direct hydrolysis of  -GL, which implies an isomerisation step into  -GL (analogous
to the “backward” isomerisation reaction with constant km in Fig. 1) followed by the hydrol-
ysis of  -GL into gluconic acid. Alternatively, in [31] the authors concluded to a reversible
 - to  - conversion, with hydrolysis of both  - and  -GL. Later, these authors revised their
theory[32] and concluded that  - to  -GL are in equilibrium, whereas only the  -GL undergoes
hydrolysis. This brief review of studies on 6-gluconolactones illustrates the dependence on the
experimental conditions of a kinetic scheme similar to the reaction pathway depicted in Fig.
1. Such a variability is also very likely to be observed for the case of 6-phosphogluconolactones
(PGLs). For the case at hand, where experiments are performed in pseudo in-vivo conditions,
data strongly support the assumption of a reversible isomerisation, in agreement with the
previous findings of Ref.[2]. In conclusion, we have demonstrated that DDNP experiments
provide experimental observations that can be used to extract kinetics parameters of a com-
plex chemical reaction pathway on time scales of a few seconds, which are hardly accessible by
other means. This study also points to some specificities of data analysis using measurements
with such high sensitivity, where a very high dynamic range allows to quantitatively analyze
data that are otherwise unobservable.
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Graphical abstract
High sensitivity in NMR: Dissolution Dynamic Nuclear Polarization (DDNP) can be used to monitor complex
and fast chemical reactions. A careful quantitative analysis of NMR signals is performed allowing for the determination
of kinetic constants of reactions occurring in the Pentose Phosphate Pathway
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